Introduction
Stainless steel sections have been increasingly used in building construction because of their superior corrosion resistance, ease of maintenance, and pleasing appearance. Therefore, considerable research has been carried out to investigate the structural behaviour of stainless steel members. Considerable experimental and numerical investigation on stainless steel compressive members [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] and flexural members [3, [12] [13] [14] [15] [16] [17] has been performed. However, investigations on stainless steel beam-column members subjected to combined axial compression and bending are limited. Tests on beam-column members of austenitic stainless steel (EN 1.4301) were conducted by Talja and Salmi [18] and Kouhi et al. [19] on rectangular hollow sections (RHS), Burgan et al. [20] on I-sections, and Macdonald et al. [21] on lipped channel sections. Lui et al. [22] conducted a series of tests on cold-formed duplex stainless steel square hollow sections (SHS). Huang and Young [23, 24] and Zhao et al. [25, 26] investigated the beam-column behaviour of lean duplex stainless steel SHS and RHS. Arrayago et al. [27, 28] conducted experimental study on ferritic stainless steel beam-columns, in order to assess current design rules for stainless steel beam-column members. The test results of ferritic stainless steel beams [29] , stub columns [30] were also used in comparing with design specifications. Zhao et al. [31 -37] performed comprehensive study on stainless steel tubular beam-column members, covering ferritic stainless steel, austenitic stainless steel and duplex stainless steel. Investigations on equal and unequal end moments were conducted. Several design recommendations were proposed for stainless steel beam-column tubular members. Arrayago et al. [27] examined various design proposals based on direct-strength method (DSM) for stainless steel hollow cross-section beamcolumn members, and proposed a full slenderness range DSM approach based on experimental and numerical results. The proposed DSM is capable of incorporating strain hardening for stainless steel materials and the actual stress distribution of the cross-section when determining the elastic buckling stress.
Recently, finite element analysis has been widely used to investigate the behaviour of stainless steel members [4, 11, 17, 24, 26, 38] . Finite element analysis (FEA) is relatively inexpensive and time efficient compared with physical experiments, especially when a parametric study of cross-section geometries is involved. Although FEA is a useful and powerful tool for structural analysis and design, it is important to obtain an accurate and reliable finite element model (FEM) prior to a parametric study of FEA to be carried out. Therefore, one of the purposes of this study is to develop accurate finite element models for stainless steel tubular section beam-columns and beams.
The direct strength method specified in the North American Specification [39, 40] and Australian/New Zealand Standard [41] for cold-formed steel structures was developed by Schafer and Peköz [42] and Schafer [43] . It presents a competitive alternative to existing effective section methods as it obviates lengthy effective width calculations [44] . The current direct strength method 3 specified in the North American Specification [39, 40] and Australian/New Zealand Standard [41] is applicable for determination of the nominal axial and flexural strength of cold-formed steel members only. Rasmussen [44] applied the direct strength method to plain equal angel section beam-columns.
Schafer [45] has considered the direct strength method for the design of short length of lipped channel section beam-columns and accounted for local and distortional buckling. Duong and
Hancock [46] applied the direct strength method to long lipped channel beam-columns with the consideration of second order bending effect. In this study, the behaviour and design of stainless steel tubular section on duplex (EN 1.4462) and austenitic (EN 1.4301) stainless steel beam-columns and beams were investigated using finite element analysis. A finite element model is developed and validated with the beam-column tests conducted by Lui et al. [22] and beam tests conducted by Zhou and Young [12] . The beam-column strengths obtained from the finite element analysis are compared with design strengths predicted by linear load-moment interaction curves and direct strength method for beam-column that described in Arrayago et al. [27] , with the compressive strength and flexural strength calculated by different design approaches.
Development of Finite Element Model

General
In this study, two different finite element models were developed using ABAQUS [47] for stainless steel beam-columns and beams, respectively. The four-node doubly curved shell element with reduced integration and hourglass control (S4R5) was used in the both two models. The element has five degree of freedom per node. The element allows for transverse shear deformation. In order to choose the finite element mesh that provides accurate results with minimum computational time, convergence studies were conducted. It is found that a 10 mm×10 mm (length by width) ratio provides adequate accuracy in modelling the columns. The material properties and stress-strain curves obtained from the tensile coupon tests were used in the finite element model. Since the analysis of post buckling involves large inelastic strains, the nominal (engineering) stress-strain curve was converted to a true stress and logarithmic plastic strain curve. The true stress and plastic true strain are specified in ABAQUS [47] .
Beam-column Model
In the simulation of beam-columns, two types of analysis were performed in the finite element analysis for buckling. The first analysis is known as eigenvalue analysis that estimates the buckling modes and loads. This analysis is a linear elastic analysis performed using the (*BUCKLE) procedure available in the ABAQUS library with the load applied within the step. For practical purposes, only the lowest buckling mode predicted from the eigenvalue analysis is used. The second analysis is called load-displacement nonlinear analysis and follows the eigenvalue prediction.
The bearing plates at both ends of the beam-columns are modelled as rigid body. In general, a rigid body is a collection of nodes, element, and/or surfaces whose motion is governed by the motion of a single node, called the rigid body reference point. The relative positions of the nodes and elements that are parts of the rigid body remain constant in the simulation. Therefore, the constituent elements do not deform but can undergo large rigid body motions. Since the motion of a rigid body can be prescribed by applying boundary conditions at the rigid body reference node, the restraints were applied on the reference point of the rigid body in this study. The reference point at the loaded end was restrained against x and y directions displacement and x-axis rotation but free to rotate about the y-axis. The reference point at another end was restrained against x, y and z directions displacement and x-axis rotation but free to rotate about the y-axis. The warping at the ends of the column was restrained. The nodes other than the two ends were free to translate and rotate in any direction.
The load was applied in increments using the modified RIKS method available in the ABAQUS for sections S1 and S2, respectively.
Beam Model
In the simulation of beams, only half of the specimen was modeled for the symmetry. The support plate was modeled as a rigid surface, whose motion is governed by the reference point. The reference point of the support plate was restrained against x, y and z directions displacement as well as y-and z-axes rotation but free to rotate about the x-axis. The loading plate was also modeled as a rigid surface. The reference point of the loading plate was restrained against x and z directions displacement as well as y-and z-axes rotation but free to move in y directions and rotate about the xaxis. The constraint between the loading/support plate and specimen was simulated using contact surface. The web stiffener plates which stiffen the section at the load and support points were simulated by increasing the approximate 70% thickness of the elements at the corresponding parts.
Thus the local failure at the loading and support points was prevented. The load was applied at the reference point of the loading plate. The nonlinear geometry parameter (NLGEOM) was included to deal with the large displacement analysis.
Verification of Finite Element Model
Beam-columns
The stainless steel beam-columns tested by Lui et al. [22] were used to validate the beam-column finite element model in this study. A beam-column test program on stainless steel tubular section specimens has been conducted by Lui et al. [22] . The tests were performed on two square hollow sections of duplex stainless steel. The test specimens were cold-rolled from annealed flat trips. The SHS had nominal dimension of 40 by 40 mm with thickness of 2 mm and 50 by 50 mm with thickness of 1.5 mm. The specimens were supplied from the manufacturer in uncut lengths of 3400 mm, and were cut into two different lengths of 550 mm and 1100 mm. Both ends were welded to carbon steel end plates to ensure full contact between specimen and end bearings. The test series were different by their cross-section dimensions and column lengths, testing at various eccentricities between pinned ends. Table 1 shows the average measured cross-section dimensions of the test specimens using the nomenclature defined in Fig. 1 . The material properties were obtained from the coupon tests conducted by Young and Lui [48] , as summarized in Table 2 . The initial overall and geometric imperfections of the specimens were measured by Lui et al. [22] prior to testing. The average overall minor axis flexural imperfections at mid-length were 1/939 and 1/1883 of the specimen length for Series S1L2 and S2L2 respectively. The maximum initial local geometric imperfections of the specimens were 0.113 and 0.164 mm for section S1 (40×40×2) and S2 (50×50×1.5), respectively. In the finite element model (FEM), the measured cross-section dimensions, material properties and initial geometric imperfections from the tests were modeled. The measured overall geometric imperfections at mid length for minor axis flexural imperfection at midlength were 1/939 and 1/1883 of the specimen length for Series S1 and S2 respectively, as reported by Lui et al. [22] . The maximum initial local geometric imperfections of the specimens were 0.113 and 0.164 mm for Series S1 and S2 respectively [22] .
The load capacity of the stainless steel tubular section beam-columns obtained from the finite element analysis are compared with the test results conducted by Lui et al. [22] in Table 3 .
Comparison of experimental and FEA deformed shape for specimen S1L2E10 is shown in Fig shown that the finite element model is accurate and reliable.
Beams
The stainless steel beams tested by Zhou and Young [12] were modeled in this study, as shown in Table 4 shows the measured specimen dimensions for the test specimens, using the nomenclature defined in Fig. 1 . The material properties obtained from the coupon tests and ultimate load of the test specimens are summarized in Table 4 . The measured crosssection dimensions and material properties reported in Table 4 were incorporated in the finite element model. The ultimate moments of the stainless steel beams obtained from the finite element analysis are compared with the test results conducted by Zhou and Young [12] in Tables 5. A maximum difference in ultimate moments of 7% was observed between test and numerical results for 
Parametric Study
The verification showed that the finite element models reasonably accurate for predicting the strengths of stainless steel tubular section beam-columns and beams. Hence, parametric study was carried out to investigate the behaviour of stainless steel tubular section beam-columns and beams. In the parametric study, four kinds of sections, namely 100×50×2, 150×100×2, 100×100×2 and 180×180×3 having different length of 1400 and 2800 mm were studied. The cross section dimensions are shown in Table 6 , using the nomenclature defined in Fig. 1 . The specimens used in parametric analysis were designed to investigate various geometric parameters. The outer web width and outer flange width ranged from 50 mm to 180 mm, having aspect ratio equal to 1, 1. [49] . The material properties in flat portion of the sections obtained from tensile coupon tests were adopted in parametric study, which are summarized in Table 7 .
Different eccentricities were considered for each specimen. The specimens are separated into eight series according to their material properties, section dimension and specimen length. The specimens are labeled such that the material properties, section dimension, specimen length and eccentricity could be identified from the label. For example, the labels "HS100×50×1400E30" define the 
Design Rules and Comparison of Design Strengths
General
In this study, the nominal strengths (unfactored design strengths) of the stainless steel beam-columns were calculated using linear interaction equation for beam-columns, and direct strength method (DSM) for stainless steel and carbon steel beam-columns proposed by Arrayago et al. [27] . The bending moment capacity (Mn) and axial loading capacity (Pn) of effective sections, as well as the bending moment capacity (Mne) and axial loading capacity (Pne) of fully effective sections, were calculated by ASCE Specification [50] , DSM in AISI [39] and DSM modified by Huang and Young [24] . Therefore, nine design methods are evaluated in this study. The cross-section dimensions and material properties used in the parametric study were adopted in the calculation of design strengths.
The design strengths were compared with the numerical results obtained from the parametric study, and thus the suitability of the existing design rules were assessed. Comparison of FEA results with design strength of beam-column members is shown in Table 8 . Prediction for column and beam strength is important for the accuracy in predicting beam-column strengths. Table 9 summarizes comparison of FEA results with design strengths of column members and beam members.
Linear interaction equation and effective width method
Design strength of stainless steel beam-column members are calculated by load-moment interactive equation in the ASCE Specification [50] . Linear load-secondary moment interaction equation, as shown in Eq (2), is used to predict the unfactored design axial strength Pu for beam-columns is calculated by the following interaction equations:
where Mend,u is the end moment corresponding to the design strength, Mend,u = Pu×ep; k is the amplification factor = 1/(1-Pu/Pey); Pey is the elastic flexural buckling load; Cm is the coefficient for unequal end moment; Pn is the member strength in compression; and Mn is the flexural strength of member. Therefore, the design strength of beam-column members (Pu) largely depends on the prediction of member strength in compression (Pn) and bending (Mn). In this Section, Pn and Mn are calculated by ASCE [50] , DSM in AISI [39] , and modified DSM in Huang and Young [24] , in determining beam-column strength (Pu). Comparison of FEA results with design strengths calculated by linear interaction load-moment curve for Series HS100-50-1400 is shown in Fig. 7 .
Pn and Mn determined by ASCE [50]
According the ASCE Specification, the column strength for all 158 specimens, respectively, as shown in Table 8 . The unfactored design compressive strength for columns (PASCE) and flexural strengths (MASCE) are compared with the numerical results of stainless steel column and beam members, as summarized in Table 9 . It is shown that the ASCE Specification provides unconservative prediction for columns with mean PFEA/PASCE for all specimens are 0.85 with COV of 0.098. The prediction for flexural strength is conservative, with mean value of MFEA/MASCE for all specimens equals to 1.11 with COV of 0.055, respectively.
Pn and Mn determined by DSM in AISI [39]
The normalized design strength of beam-column members (rDSM) was calculated by linear interaction curve (Eq 2), in which Pn and Mn were determined using AISI S100 Specification. The column strength Pn is calculated by Eqs (5 -6), where c and l are the non-dimensional slenderness for Pne and Pn, respectively, based on the clause 1.2.1.1 of Appendix 1 of AISI S100 Specification. 
The comparison between numerical results (rFEA) and design strengths (rDSM) is shown in Considering all of the 158 specimens, the mean value of rFEA/rDSM is 1.05, with COV of 0.091. In addition, the calculation procedure for Pn and Mn with this design approach is more convenient than the design approach described in Section 6.2.1. It is shown in Table 9 that the direct strength method in AISI provided slightly conservative prediction for column strength, with a mean value of PFEA/PDSM equals to 1.06 with COV of 0.073 for all specimens. It provides quite conservative prediction for flexural capacity, with a mean value of MFEA/MDSM = 1.15 and COV = 0.060.
Pn and Mn determined by Huang and Young [24]
The normalized design strength of beam-column members (rH&Y) was calculated by linear interaction curve (Eq 2), in which Pn and Mn were calculated with a modified direct strength method proposed in Huang and Young [24] . The column strength Pn is calculated by Eqs (8 -9), and Mn is calculated by 
The comparison between numerical results (rFEA) and design strengths (rH&Y) is summarized in Table   8 . [24] are the most accurate among the three approaches with linear interaction curve.
Direct Strength Method for Beam-Columns Proposed by Arrayago et al. [27]
Arrayago et al. [27] proposed two direct strength equations of beam-column members for carbon steel and stainless steel materials, in which local buckling and enhanced material strength are considered. Therefore, calculation of effective area is not required, as the local buckling effect is considered through direct strength curve. [24] ) to calculate Pne and Mne are used, and the corresponding design strength of beam-column members are compared to assess suitability of various design approaches. It should be noted that these design approaches are not covered in Arrayago et al. [27] , and thus it complements Arrayago et al. [27] in assessing suitability of design rules for stainless steel beam-columns.
Pne and Mne determined by ASCE [50]
The direct strength methods proposed by Arrayago et al. [27] was used, in which Pne and Mne were calculated by ASCE [50] . The flexural buckling resistance of the fully effective column Pne = A×Fn, where A is full cross-sectional area, and Fn is buckling strength that calculated by Eq 3. The inelastic reserve capacity approach in ASCE Specification is used to calculate Mne, and the calculation is based on a fully effective cross-section.
The normalized design strengths of beam-column members that calculated by the direct strength method for carbon steel (Eq. 11) and stainless steel (Eq. 12) are represented by , * and , * , respectively. Comparison between numerical strength and design strength is shown in Table 8 , Fig 8 and 
Pne and Mne determined by DSM in AISI [39]
The normalized design strength of beam-column members ( , * and , * ) were calculated by direct strength method proposed by Arrayago et al. [27] (Eqs 11 and 12), in which Pne was obtained by Eq. (5) and Mne = My, according to the direct strength method for compressive members and flexural members in AISI S100 Specification. The comparison between numerical results (rFEA) and design strengths is summarized in Table 8 , Fig 8 and Fig 9. It is shown that the carbon steel curve provides accurate and convergent prediction for stainless steel beam-column tubular members, while the stainless steel curve is quite conservative.
The FEA-to-design strength ratios for carbon steel curve ( 
Pne and Mne determined by Huang and Young [24]
According to Huang and Young [24] , Pne is obtained by Eq. (8) (rFEA) and design strengths is summarized in Table 8 , Fig 8 and Fig 9. Compared with the previous design rule described in Section 6.3.2, this design approach provides less conservative prediction.
Generally speaking, the carbon steel curve provides slightly unconservative prediction and the stainless steel curve provides conservative prediction for stainless steel beam-column tubular members.
Reliability Analysis
Reliability analysis detailed in the Commentary of the ASCE Specifications [50] is used to assess reliability of various design rules in this study. The result of reliability analysis is shown in Table 8 .
A target reliability index of 2.5 for stainless steel structural members is used as a lower limit in this study. The design rules are considered to be reliable if the reliability index is greater than or equal to the target value. The resistance factors () of 0.85 was used in calculating the reliability index ().
The load combinations of 1.2DL+1.6LL was adopted in this study, as specified in ASCE [52] , where DL is the dead load and LL is the live load. The mean-to-nominal ratio and coefficient of variation considered for different materials of 1.10 and 0.10 were used in this study, respectively. The meanto-nominal ratio and coefficient of variation considered for different geometries of 1.00 and 0.05 were used, respectively. These values are adopted according to the Clause 3.3.1.1 of the commentary of the ASCE Specification for compression and flexural members. The correction factor (Cp) as shown in Eq. F1.1-4 of the AISI S100 Specification [39] was used to account for the influence due to a small number of data in calculating the reliability index.
It is shown that the three design approaches using linear interactive equations for beam-column specimens (rASCE, rDSM, rH&Y) are considered to be reliable, as the reliability index for duplex stainless steel, austenitic stainless steel and all specimens are higher than the target value of 2.5. The reliability of direct strength method proposed by Arrayago et al. [27] depends largely on the calculation of Pne and Mne, and the direct strength curve adopted. When the Pne and Mne were determined with ASCE Specification [50] , it is shown that the reliability index () for the carbon steel curve (r * CS,ASCE) and the stainless steel curve (r * SS,ASCE) are consistently smaller than 2.5.
Therefore, this design approach is considered not reliable for stainless steel beam-column members, with resistance factor of 0.85. When the Pne and Mne were determined with direct strength method is AISI [39] , the reliability index () for the carbon steel and stainless steel curves are both higher than 2.50. Thus this design approach is considered reliable with resistance factor () of 0.85. When the Pne and Mne were determined by Huang and Young [24] , the reliability index () for the carbon steel curve are higher than the target value of 2.50 for duplex stainless steel, but it is smaller than 2.50 for austenitic stainless steel and for all specimens. The reliability index () for the stainless steel curve are all higher than 2.50. Thus, this design approach is considered reliable with resistance factor () of 0.85 when the stainless steel curve is used.
Conclusions
The paper presents a finite element analysis and design of stainless steel tubular section beamcolumns and beams. Finite element models including geometric and material non-linearities have been developed and verified against experimental results. The failure modes at ultimate load predicted by the finite element analysis were generally in good agreement with the failure modes observed in the tests. In addition, the load-deflection curves and load-rotation curves predicted by the finite element analysis also agree well with the test results. The finite element models provided good predictions of the experimental ultimate loads for the stainless steel tubular section beam-columns and beams. Hence, a parametric study on stainless steel tubular section specimens has been performed using the developed finite element model for beam-columns. Four kinds of sections having different length of 1400 and 2800 mm were studied with a wide range of slenderness, while both the high strength and normal strength stainless steel material were considered.
The finite element analysis results were compared with the design strengths calculated using various design approaches based on linear load-moment interaction curve and direct strength method proposed in Arrayago et al. [27] . Generally, it is shown that the linear load-moment interaction curve provides accurate and reliable prediction for stainless steel beam-column members when the Pn and
Mn value are obtained from ASCE [50] , DSM in AISI [39] and Huang & Young [24] . It is shown that Huang and Young [24] provides the best prediction among the three design approaches using linear interaction curve presented in this study. The direct strength method for carbon steel proposed by Arrayago et al. [27] for beam-column members is quite unconservative when the Pne and Mne are calculate by ASCE, and slightly conservative when the Pne and Mne are calculated by Huang & Young [24] . However, the direct strength method for carbon steel proposed by Arrayago et al. [27] provides the best prediction among all design approaches in this study when the Pne and Mne are calculated by DSM in AISI [39] . The direct strength method for stainless steel in Arrayago et al. [27] is unconservative when the Pne and Mne are calculate by ASCE, and quite conservative when the Pne and Mne are calculated by DSM in AISI [39] and Huang & Young [24] . Considering the accuracy, reliability and convenience in calculation procedure, it is recommended that the linear interaction equation with modified direct strength method proposed by Huang and Young [24] , and the direct strength method for carbon steel proposed by Arrayago et al. [27] provides the best prediction among all design approaches in this study when the Pne and Mne are calculated by DSM in AISI [39] are used for stainless steel SHS and RHS beam-columns.
Nomenclature
The following symbols are used in this paper: 
